Abstract A visible light imaging Thomson scattering (VIS-TVTS) diagnostic system has been developed for the measurement of plasma electron temperature on the HT-7 tokamak. The system contains a Nd:YAG laser (λ = 532 nm, repetition rate 10 Hz, total pulse duration ≈ 10 ns, pulse energy > 1.0 J), a grating spectrometer, an image intensifier (I.I.) lens coupled with an electron multiplying CCD (EMCCD) and a data acquisition and analysis system. In this paper, the measurement capability of the system is analyzed. In addition to the performance of the system, the capability of measuring plasma electron temperature has been proved. The profile of electron temperature is presented with a spatial resolution of about 0.96 cm (seven points) near the center of the plasma.
Introduction
Incoherent Thomson scattering (TS) is a laser-aided diagnostic system widely used for precise measurement of the electron temperature T e and the density n e in a magnetic confined plasma. When a laser is injected into the plasma, the photons will be scattered by the electrons. As a result, the spectrum of the scattered photons is Doppler broadened. The width of the spectrum is proportional to the square root of the electron temperature T e while the number of scattered photons is proportional to the electron density n e [1−7] . Thus the TS spectrum can be used to measure the fundamental plasma parameters, T e and n e , simultaneously.
The imaging Thomson scattering, TVTS, is one of the main categories of the TS system first developed on Princeton Large Tokamak (PLT) in 1967 [4−7] . TVTS system provides a simple way and a consistent systemic error of multi-point plasma electron temperature and density measurement by using a television-like detector (such as CCD, CMOS, etc.), after a spectrometer, to catch the TS spectrum of multiple channels, which correspond to different measurement points along a chord in the plasma.
As a high spatial resolution diagnostics for the profiles of electron temperature, T e , and density, n e , on HT-7 tokamak and also a research for developing the system on EAST tokamak, a TVTS system has recently been constructed based on an image intensifier (I.I.) lens coupled with EMCCD (I-EMCCD).
System configuration
The experimental setup of the I-EMCCD TVTS system on HT-7 tokamak is shown in Fig. 1 . The system uses a 10 Hz Nd:YAG laser source (operating wavelength λ = 1064 nm, pulse duration ≈ 10 ns ) and a crystal frequency multiplier to provide a 532 nm laser light. Due to the low damage threshold, the pulse energy is set to 4-5 J for a longer operational life of the frequency doubling crystal. The incident angle between the 1064 nm laser beam and the crystal is adjusted for a best frequency doubling efficiency of 33%, which means that the 532 nm laser pulse's energy is limited to 1.3 J, while the 1064 nm laser pulse is limited to 4 J. Through three reflectors (reflectivity > 90%@532 nm) and a focal lens, the 532 nm laser beam is injected vertically into the plasma through the window underneath the tokamak. The light scattered at 90
• is collected by 30 mm F /0.9 aperture lenses with magnification of ∼0.25 and then focused into a fiber bundle with NA of 0.38 and diameter of 0.8 mm for each fiber. The fiber bundle is designed with two independent bundles. For the lens side, there are 90 fibers and 10 alignment fibers with a length of 15 m. For the spectrometer side, there are 30 fibers with a length of 3 m. The two parts are connected with SMA (SubMiniature version A) connectors so that the sequence of the 30 fibers can be changed to measure 30 different positions of 90 points [7] . A high throughput transmission grating spectrometer with detachable built-in notch filters has been built to match the 30 fibers and image the spectrum onto an image intensifier [8] . The image intensifier is lens coupled with a DV885 EMCCD from Andor, then a data acquisition and analysis system. The high throughput transmission grating spectrometer includes an F /1.4 collimation lens with a focal length of 85 mm, an F /1.2 camera lens with the same focal length for imaging the photons to the I.I., a transmission grating, and a 532 nm notch filter for reducing the stray light [8] . The image intensifier is an evacuated tube with a photocathode, a microchannel plate, and a phosphor screen [9] .
3 Analysis of the system 3.1 System sequence Fig. 2 shows the system sequence diagram and how the system works. A trigger signal, from the plasma discharge general control, triggers the laser control, which sends other two trigger signals to the laser source and an 80 MHz Agilent arbitrary waveform generator (AWG) respectively. A feedback signal is sent back to mark the measurement time. The AWG is used to provide an adequate pulse to trigger a DG535 pulse generator [10] , which supplies two delay signals CD and AB to switch I.I. and EMCCD, respectively. EMCCD has an external trigger mode and can be triggered directly by the low level trigger of AB while I.I. does not. The output of CD is first connected to a voltage supply module that provides voltages powering the three parts of I.I.
respectively. The widths of the two signals CD and AB determine the measurement gate widths of I.I. and EMCCD and the delay between the two gates has been adjusted to make the measurement times of the two devices match [10] . Besides, after the laser is scattered by the plasma electrons, the photon signal is transmitted into the spectrometer, then finally picked up by the photocathode of the I.I., both delays of the AWG and DG535 can be adjusted for catching the photon signals. The I.I. is an MCP 125 Image Intensifier with a low noise S20 photocathode and a P43 phosphor screen from Photek. The I.I. has a high-speed electronic shutter, which can be of the order of nanoseconds that makes up for the lack of EMCCD's minimum exposure time (of the order of microseconds ) [9, 11] . A high voltage between the photocathode and the MCP 125 is applied from the rising edge of the CD pulse, and switched off at the time of the falling edge. The voltage drives the electrons emitted by the photocathode to the MCP for multiplying, so that DG535 controls I.I.'s operation and acts as the gate for measuring the photon signal of plasma. The width of CD is set to 15 ns to match the width of the TS signal, which is about 10 ns, while the exposure time of EMCCD is set to 1 ms.
Electron photon count estimation
In this part, the system electrical count has been estimated qualified for the electron temperature measurement of the core plasma. In our system, a 30 mm F /0.9 aperture lens with a magnification of ∼0.25 and 30 fibers with an N A of 0.38 and diameter of 0.8 mm for each fiber are used to transmit the photon signal of plasma into the spectrometer, which means that every fiber channel corresponds to a scattering region in the core plasma with a length of 0.32 cm. To get a better signal intensity and less influence of the lens aberration, the middle 21 fibers were chosen, and every 3 fibers were pinned on one point. So with the system, the measured electron temperature profile has a spatial resolution of about 0.96 cm (seven points). Considering the laser energy E L of 1 J, the total number of the laser photons is calculated as:
The total number of the Thomson scattering photons is given as follows:
where the scattering length is ∆L = 0.96 cm, and the electron density is n e = 1.5 × 10 13 cm −3 . Here the Thomson scattering cross-section is σ T given below:
with the classical electron radius of
in Gaussian units. Then, the total number of the Thomson scattering photons is estimated as
The photons of the Thomson scattering length and plasma background are collected by the lens and then focused onto the fibers. For flux conservation, the luminous flux E fibers received by the fibers matches the luminous flux E lens collected by the lens,
where S object and Ω object are area and solid angle of the Thomson scattering length to the collection lens respectively, and S fibers is the area of fibers.
The area of S object is 16 times larger than the receiving area of the fibers S fibers with a ∼0.25 magnification of the lenses. Thus the collection solid angle of the scattering photons is given by:
So the number of the photons collected by the fibers is estimated to be
With the transmissions of the optical collecting system taken into consideration, the photon number after the high throughput transmission grating spectrometer is determined by N I.I. = N T ·T window ·T lens ·T fibers ·T spec , and is estimated to be
where the transmission of the two vacuum windows is considered as T window =0.8, the transmission of the collection lenses is T lens =0.9, and the two parts of fibers have a total transmission around T fibers =0.77 [12] in the visible band. The transmission grating of the spectrometer has a transmission around 0.5 for visible light, and the spectrometer also consists of two lenses with a transmission of 0.9 for each and a band filter for stray light with a transmission of 0.9. Thus the overall transmission of the spectrometer is T spec =0.35.
After the spectrometer, the photons are imaged into the I.I. The properties of these components determine the amplification of the incident photons [9] . The quantum efficiency QE S20 of S20 is around 0.1 at the visible wavelength [9] . However, due to the loss mechanisms between the photocathode and the MCP, the effective quantum efficiency QE effect of the photocathode is calculated by [13, 14] :
where the Gen II image intensifier has a noise factor of 1.6. The photoelectrons emitted from the photocathode are captured by the MCP. The magnification of the photoelectrons is exponentially determined by the applied voltage of the MCP125, which is 1,000 times at 4 V and 10,000 times at 5 V [9] . To protect the MCP from the gain aging effect [13, 14] the voltage is limited to 4.8 V (which means 6,310 times amplification), and is set around 4 V in actual applications. After the MCP, the voltage between the MCP125 and the Phosphor Screen P43 is 6 kV and the P43 generates 240 photons for every incident electron emitted from the MCP isotropically [9] . A Sigma, 30 mm F /1.4 (F/#) camera lens with a magnification of 1/3 (M ) was used to couple the I.I. and the EMCCD, considering the coupling efficiency of the lens, the photons that EMCCD gets can be given by
where T input and T output are the transmission of the input and output windows of I.I. (considered to be 0.9 for each). Finally, the photons reach the EMCCD chip and can be converted to electrical counts. The wavelength of the photons from P43 is 550 nm [9] and the quantum efficiency of CCD is around 0.6 at 550 nm. With the A/D conversion of 1/5
[11] and the EM gain around 24, the whole electrical count that the system gets from the TS signal is finally obtained as
where T windows means the loss in the two glasses at the front of EMCCD [7] (0.94 for each one).
4 System performance Fig. 3 shows the original Thomson scattering signal counts in red, which are obtained by the system during the plasma discharge of HT-7 tokamak, by subtraction between the original laser signal and the background signal. The gap between two green lines represents the data rejection by eliminating the effect of the notch filter. The fitting function of counts is shown in blue for estimating the sum of counts the system would get from Thomson scattering spectrum without the effect of 532 nm notch filter. Fig.3 The original counts of Thomson scattering signal during plasma discharges. It is obtained by subtraction between the original and the background signals, as shown in red. The fitting function in blue is used to estimate the total counts the system would get from Thomson scattering spectrum without notch filter
To estimate the sum of counts, the spectral resolution of the system, defined as the range of wavelength corresponding to one pixel of EMCCD, has been calibrated by using line radiation.
The spectrometer has a spectral range of about 380-720 nm with a grating groove frequency of 720 gr/mm. The spectrum after the spectrometer was picked up by the input window of I.I. with a diameter of 25 mm. Finally, the image size of the EMCCD cathode chip was 8 mm wide for the spectrum from I.I. After calibration, the spectral resolution can be given by [15] 
where [c 0 , c 1 , c 2 ]=[751.11, −0.38744, −3.0771×10 −6 ], p is the pixel number of EMCCD. The spectral resolution of the system is |dλ/dp| ≈0.387 nm/pixel.
With the spectral resolution of the system, the sum of Thomson scattering spectrum counts without the effects of the notch filter is about N real ≈ 1×10 [6] . Compared with the theoretical calculation of EM-CCD counts from formula (11), the matched magnitudes verify the design of the system. With the light attenuation taken into account, the reflection of the electrons in I.I. and the aging effect of I.I., the lower value of the real counts is reasonable, actually the 10 6 and 10 5 magnitudes are both credible. Fig. 4 shows measurement of the electron temperature by the TVTS system during a typical plasma discharge, No.117953, of HT-7 tokamak. Fig. 4 shows the original three-dimensional signals acquired from eight channels, corresponding to eight spatial points in the core plasma. The horizontal and longitudinal coordinates correspond to the wavelength of spectrum and the counts respectively. Along the vertical coordinate the seven channels with better signal are shown in blue and one channel at the edge with low signal-noise ratio in red, and the better seven channels are chosen for measurement. The method of system data processing including the calibration has been analyzed in detail in Ref. [15] . The relative sensitivity curve of the system has been calibrated with a calibration lamp (tungsten halogen lamp) [15] . The relative calibration provides a function between the system sensitivity and the wavelength. The instrument function of the system has been acquired by using stray light (532 nm) as the incident signal in the same experimental setup. The full width at half maximum (FWHM) of instrument function means the instrument broadening of TS spectrum by the system, which corresponds to 16 eV. After subtracting the background signal (which is set to measure with 10 ms interval to the laser pulse time) and calculating the effects of the system relative sensitivity curve and instrument function, the TS spectrum signal can be obtained. By calculating the FWHM of TS spectrum, the electron temperature and its profile at multiple spatial points can be provided. The plasma discharge No.117953 in HT-7 tokamak is analyzed in Fig. 5 . The TS panel in Fig. 5 shows the TVTS measurement moments, and the measurement moments of two laser pulses are marked as the blue and the red lines, respectively. The electron temperature of the core plasma measured by ECE is shown in the ECE01 and ECE02 panels of Fig. 5 . The profiles of the electron temperature obtained by TVTS system are shown in Fig. 6 . As seen in Fig. 6 , the electron temperature is around 900 eV near the core with spatial resolution of 8 mm at the moment of 270 ms, while it is around 800 eV at the moment of 570 ms. The electron temperature of the core plasma given by ECE channel 01 is about 919 eV at the moment of 270 ms while it is about 814 eV at the moment of 570 ms. These electron temperatures obtained respectively by TVTS and ECE agree reasonably. 
Summary and future work
In this paper, the new Thomson scattering diagnostic system based on a Gen II image intensifier lens coupled with an EMCCD has been presented. Relevant system design and theoretically expected values are analyzed in detail. Finally the system performance has been elucidated to verify the system capability of multichannel electron temperature measurement in plasma discharges. For future work, the system is planned to be transferred to EAST tokamak, and upgraded to higher resolution with more channels.
